Using an in situ crosslinkable hydrogel that mimics the extracellular matrix (ECM), cancer cells were encapsulated and injected in vivo following a "tumor engineering" strategy for orthotopic xenografts. Specifically, we created several three-dimensional (3-D) human tumor xenografts and evaluated the tumor response to BrP-LPA, a novel dual function LPA antagonist/ATX inhibitor (LPAa/ATXi). First, we describe the model system and the optimization of semi-synthetic ECM (sECM) compositions and injection parameters for engineered xenografts. Second, we summarize a study to compare angiogenesis inhibition in vivo, comparing BrP-LPA to the kinase inhibitor sunitinib maleate (Sutent). Third, we compare treatment of engineered breast tumors with LPAa/ATXi alone with treatment with Taxol. Fourth, using a re-optimized sECM for non-small cell lung cancer cells, we created reproducibly sized subcutaneous lung tumors and evaluated their response to treatment with LPAa/ATXi. Fifth, we summarize the data on the use of LPAa/ATXi to treat a model for colon cancer metastasis to the liver. Taken together, these improved, more realistic xenografts show considerable utility for evaluating the potential of novel anti-metastatic, anti-proliferative, and antiangiogenic compounds that modify signal transduction through the LPA signaling pathway.
Introduction
To evaluate the anti-cancer potential of signal transduction modifiers in the LPA signaling pathway, clinically relevant human cancer animal models are needed. These models should be predictive for translation of preclinical results to efficacy in human patients, yet most animal models fail to mimic normal human disease, and poorly predict clinical outcomes (1) . An injectable, in situ cross-linkable sECM has been developed to deliver and grow cancer cells in vivo (2) . This HA-derived sECM was seeded with breast, colon, and ovarian cancer cells prior to gelation, and then injected subcutaneously into mammary fat pads, subserosally in colons, and intracapsularly in ovaries, respectively. When compared with orthotopic injection of cells in serum-free medium, clear advantages emerged for the engineered tumors, including: (i) reduced variability in tumor formation and tumor size, (ii) improved integration of tumor with the surrounding stromal tissue, (iii) increased vascularization and reduced necrosis within the tumor, and (iv) better general health of animals. In another study, encapsulation of human pancreatic cancer cells within the injectable sECM improved tumor growth rate and metastasis in an orthotopic mouse model (3) . Most recently, this model has been used for the in vivo evaluation of novel dual-action LPA receptor antagonist/autotaxin inhibitors (4).
This review has two main themes. First, we describe the development of the orthotopic treatment model for producing tumors suitable for evaluating novel anticancer drugs. This optimization of sECM composition and cell density is tested with Taxol, a known anticancer drug. Second, we focus on our most recent results using the sECM engineered tumor xenograft models for the evaluation of metabolically-stabilized analogs of LPA for prevention of angiogenesis and for treatment of cancer.
LPA contributes to tumorigenesis and metastasis, and modulation of LPA signaling is a potential target for developing new anti-cancer therapies (5, 6) . The principal biosynthetic source of LPA is the lysophospholipase D activity of autotaxin (ATX) on lysophosphatidylcholine. ATX, which has been reviewed elsewhere (7, 8) , is one of the forty most upregulated genes in invasive cancer cells, and is widely implicated in tumor progression, invasion, and metastasis (9,10).
Expression of LPA GPCRs occurs at different levels in cancer cells from different tissues. LPA 1 is the most widely expressed with high mRNA levels in almost all cancer cells (11) , while LPA 4 is expressed at very low levels in most human cancers. Both LPA 2 and LPA 3 are aberrantly expressed in cancer cells, particular in ovarian cancer cells, indicating a potential role in the pathophysiology of cancer (12) . The recently identified LPA 6 /GRP87 was significantly overexpressed in squamous cell carcinoma, suggesting it as a possible therapeutic target (13) .
An ideal anticancer drug targeting the LPA signaling pathway would simultaneously inhibit signaling through LPA receptors and block LPA production by ATX (4,7). To address this need, we have synthesized numerous metabolically-stabilized analogs of LPA to identify compounds with (i) longer biological half-lives, (ii) agonist or antagonist activity towards specific LPA GPCRs, and (iii) inhibition of ATX (14) . Among these analogs, the α-substituted methylene phosphonate analogs emerged as some of the most interesting (15) . In particular, the palmitoyl α-bromomethylene phosphonate BrP-LPA ( Figure 1 ) was selected for further study because of its pan-antagonist activity towards LPA [1] [2] [3] [4] GPCRs (15) . In addition, BrP-LPA showed over 98% inhibition against ATX at 10 µM. With pan-antagonist activity as well as ATX inhibition, the dual function LPA antagonist/ATX inhibitor (LPAa/ATXi) BrP-LPA was examined in a variety of anti-cancer assays in vitro and in vivo.
Engineered Tumors in Semi-synthetic ECMs
The most commonly used approach to human tumor xenografts in nude mice employ the subcutaneous or intraperitoneal injection of cancer cells in buffer solution, in serum-free medium, or in Matrigel (16), a tumor-derived basement membrane extract. Matrigel is a murine sarcoma extract that contains proteins, glycoproteins, and growth factors (17) . Its high cost, highly variable composition, and need to manipulate at 4 °C make it suboptimal for large-scale use. A room-temperature-injectable 3-D hydrogel vehicle for cell delivery, with a usercontrolled composition, that would support the formation of robust, vascularized, orthotopic human cancer tissue in vivo would offer a considerable improvement (2, 18) . We turned to the field of tissue engineering to develop an improved method for engineering tumors for drug evaluation.
Hyaluronan (HA) is an immunoneutral, non-sulfated glycosaminoglycan (GAG) that is ubiquitous in all tissues as a major constituent of the ECM and has been modified in many ways for tissue engineering (19) . To reconstruct an equivalent to the ECM from its simplest components, we developed a covalently cross-linked synthetic ECM (sECM) consisting of a thiol-modified form of HA plus a thiol-modified gelatin (20, 21) . Cells can be added prior to crosslinking to produce biocompatible, three-dimensionally encapsulated cells in an injectable format. The selection of the thiol-modified carboxymethylated HA provided further stabilization of the hydrogel towards hyaluronidases, an increase in cross-linking sites, and improved biocompatibility in vivo.
This sECM, now commercially available as Extracel, was developed for engineering of healthy new tissues and for exploring the biology of cells in 3-D. In order to optimize this hydrogel for cancer xenografts, we explored several parameters that would be expected to influence tumor growth, integration with the stromal tissue, and vascularization -all key attributes of making more "patient-like" tumors. Specifically, we explored (a) the composition of the hydrogel, (b) the concentration of cells injected, (c) the dilution of the hydrogel with cellculture medium, (d) and the use of different cell lines.
The compliance, or stiffness, of the sECM plays an important role for cell morphology and biochemical function (22) . Using the standard Extracel sECM as the injectable in situ crosslinkable hydrogels, dilution with cell culture medium reduced stiffness of the hydrogel. Other methods of reducing the sECM compliance include increasing gelatin content or decreasing crosslinking (23) . Consistent with our expectation based on the increased stiffness of tumor tissues relative to surrounding stroma, we found that dilution with cell culture medium decreased the growth rate of breast cancer tumors in vivo from sECMs at a constant cell density of MDA-MB-231 cells ( Figure 2 ).
Cell concentration may also affect cell viability in tumor xenograft models. When different cell concentrations were tested, injection of MDA-MB-231 cells at 2 × 10 6 cells/mL had poorer tumor growth incidence than at 10 × 10 6 cells/mL and 50 × 10 6 cells/mL. The apparent tumor volumes began to significantly increase after 2 weeks post-injection; during the first two weeks, cells expand within and degrade the injected bolus of sECM ( Figure 2 ).
We next validated the use of the sECM tumor xenograft model for evaluation of Taxol® (Paclitaxel), a known therapeutic agent for breast cancer for which treatment protocols in xenografts were known (24) . Breast cancer MDA-MB-231 cells at a concentration of 50 × 10 6 cells/mL suspended in the Extracel were injected into the mammary fat pad, and treatment with Taxol® (10 mg/kg) started when tumor volumes reached 200 mm 3 (at 2 weeks) (4). After completion of the 2-week treatment, tumor volumes in the treatment group were significantly decreased and a high percentage were no longer visible for measurement. H&E staining of the tumor tissue revealed an irregular arrangement of tumor cells with much larger nuclei and widely varied shapes in the control group (Figure 3a ). In addition, cancer cells had invaded the surrounding muscle tissue (Figure 3b ). SEM imaging revealed a densely packed layer loaded with cells and extracellular matrix, and this network may facilitate tumor differentiation, proliferation, and neovascularization in vivo (Figure 3c ).
Angiogenesis Plug Assay for a Dual Function LPAa/ATXi
New blood vessel formation, or neovascularization, promotes the healing of injured tissues but also stimulates tumor growth and inflammatory disease (25, 26) . Most tumors cannot grow beyond 2 to 3 mm diameter without the new blood vessels ensuring an adequate supply of oxygen and nutrients (27) . Tumor angiogenesis is regulated by both endothelial and nonendothelial cells present within the tumor compartment (28) (29) (30) . Indeed, with cancer as with many other diseases, angiogenesis constitutes a key organizing principle for drug discovery (31) .
The growth and metastasis of most tumors is angiogenesis dependent (32, 33) , with a balance between pro-angiogenic molecules and anti-angiogenic molecules released by both tumor cells and the surrounding normal cells (26) . Angiogenesis is an essential process for tumor survival and metastasis (34) , and a growing number of anti-angiogenic therapies are in development or in the clinic for cancer therapy (35) (36) (37) (38) . There are currently four main pathways to target angiogenesis: (i) the VEGF/VEGFR signaling pathway (39); (ii) integrin receptors or extracellular matrix (40); (iii) using endogenous angiogenesis inhibitors (36) ; and (iv) other growth-factor-mediated pathways, such as cytokines (41) .
Currently, the Matrigel plug assay is used for in vivo investigation of angiogenesis mechanism and evaluation of anti-angiogenesis compounds (42) . However, the drawbacks of Matrigel mentioned above, compounded by the presence of a full spectrum of ECM proteins and growth factors, makes this an assay that lacks adequate control points. Thus, we sought to use the sECM approach to create an angiogenesis plug assay using fully a chemically-defined hydrogel to evaluate angiogenesis inhibitors in vivo. To establish the sECM angiogenesis model we selected a formulation that included with an immobilized thiol-modified heparin to provide controlled release of growth factors (43) . In a comparative study (X. Xu, Ph.D. Dissertation, 2008, University of Utah), we injected Extracel-HP subcutaneously in nude mice with or without bFGF and VEGF with growth factor reduced (GFR) Matrigel using the same animal model. The surrounding cells including endothelial cells, which could divide to form a primitive vascular plexus, invaded into the center of the plugs from the margins of the hydrogels.
In the presence of growth factors, cell growth was observed not only in the outer area of the plugs, but also in the inner area of the plugs. Anti-CD31 immunohistochemical staining showed the new blood vessel growth and the blood vessels were calculated within the plugs. With added GFs, Extracel-HP allowed development of as many newly formed blood vessels as Matrigel. Moreover, the dual delivery of VEGF and bFGF led to enhanced neovascularization in vivo relative to GFR-Matrigel alone. Previously, dual delivery of VEGF with either bFGF, angiopoetin-1, or KGF from an sECM had been found to enhance microvascular maturity in a murine ear pinnae model (44) . In our revised angiogenesis plug assay, host-derived cells invaded the compliant hydrogel, remodeled it, and secreted a new native ECM specific to the tumor angiogenesis environment.
The LPA signaling pathway plays an important role in tumor growth and angiogenesis (4, (45) (46) (47) (48) . The signaling mechanism of LPA-regulated VEGF expression in endothelial cells has been reported (49) , which suggested that LPA could be a suitable target for therapeutics against tumor angiogenesis. Previously, inhibition of LPA receptors has been shown to cause tumor regression and inhibit angiogenesis (4,50).
The angiogenesis plug assay using Extracel-HP allows the potential angiogenesis inhibitors to be examined by mixing the sECM with the drug candidates. The details of these experiments will be presented in due course, but we summarize the outcomes briefly here. The proangiogenic factors (VEGF and bFGF) and an anticoagulant (heparin) were mixed with the sECM hydrogel and implanted s.c. in nude mice the presence of saline (control), BrP-LPA, or the orally-available small-molecule tyrosine kinase inhibitor sunitinib maleate (Sutent) (51) . At day 10, plugs were excised, and microvessel density within the plugs was assessed. Implants containing growth factors showed stronger neovascularization. A greater number of endothelial cells were found in the control saline treatment relative to either the BrP-LPA and Sutent treated groups (Figure 4 ). In addition, the hemoglobin content of the BrP-LPA and Sutent-containing plugs was decreased over 3-fold relative to the control group (data not shown). Taken together, these studies validate the use of a cell-free sECM to evaluate the anti-angiogenic properties of inhibitors of the LPA signaling pathway, and demonstrate that a dual function LPAa/ATXi has significant potential as an anti-angiogenic agent.
Engineered Breast Tumors Treated with a Dual Function LPAa/ATXi
The first in vivo test of the dual activity agent BrP-LPA was conducted using orthotopic breast tumors in nude mice (4) . Subcutaneous injection of MDA-MB-231 cells suspended in the sECM Extracel into the mammary fat pads of nu/nu mice resulted in tumor growth at each site of injection. After 2 weeks of tumor growth, the control group was treated with four intraperitoneal (ip) injections of physiological saline over the course of 2 weeks. Two groups received ip BrP-LPA (as the mixed diastereoisomers, 10 mg/kg) or Taxol alone (10 mg/kg). A third group received a simulated combination drug therapy by giving Taxol for the first week followed by BrP-LPA for the second week. In each treatment group, a reduction of tumor size was observed beginning after the first injection, when compared to the control group. After completion of the 2-week treatment course, tumors in the treatment group were significantly decreased or undetectable (4). Figure 5a shows the reduction of tumor size with BrP-LPA alone as the therapeutic agent. At necropsy, the largest tumor sample from the BrP-LPA treatment was significantly smaller than the smallest tumor tissue in the control group. Moreover, quantification of the newly formed blood vessels in the tumor samples showed a highly significant reduction of angiogenesis in the mice treated with BrP-LPA relative to either controls or Taxol treatments (p < 0.01) (4).
The pharmacological activities of the individual diastereoisomers of BrP-LPA (see Figure 1 ) against LPA [1] [2] [3] [4] [5] , inhibition of the lysophospholipase D activity of ATX, inhibition of cell migration, and inhibition of cell invasion were also examined (4). Subtle isoform-selective differences in receptor antagonism were evident for the separate diastereomers. For example, the anti-stereoisomer was 8-fold more potent as an ATX inhibitor, and slightly more potent in inhibiting MB-231 cell migration in a scratch wound assay. The stereoisomers were equipotent in inhibiting invasion. Finally, the orthotopic xenograft model was repeated using a lower treatment dosage of 3 mg/kg and a lower injection volume of cells. As shown in Figure 5b and 5c, both diastereoisomers significantly decreased the tumor volume. With this sample size, we only observed a trend suggesting that the anti isomer might be more potent than syn isomer (p < 0.1).
Treatment of Engineered Lung Carcinoma with a Dual Function LPAa/ATXi
Most lung cancer patients have non-small cell lung cancer (NSCLC), and chemotherapy is the primary first-line treatment option for the advanced or metastatic cancer patients (52) . New anti-angiogenic and anti-metastatic compounds are under development, and to expedite the evaluation of these treatment strategies, it is necessary to have a suitable and reproducible animal model of lung cancer. However, human lung cancer cells do not grow readily in athymic mice, even when a large number of cells (53, 54) and/or immunosuppressive agents are used to obtain tumors (54).
We recently described an engineered lung cancer xenograft model using human A549 NSCLC cells encapsulated in sECM, and the evaluation of BrP-LPA in this model (55) . We explored several customized compositions of sECM for in vivo xenografts of the A-549 cells. Since an intratumoral vascular network is important in pulmonary malignancies (56, 57) , we used our angiogenesis plug strategy, selecting Extracel-HP as the sECM for retention of growth factors (18) . Extracel-HP, which contains an immobilized form of heparin (43) , mimics the heparin sulfate proteoglycans normally present in the ECM to help protect growth factors (GFs) from proteolysis and to slow their release to attached cells. In addition, we explored a higher stiffness 2% (w/v) sECM hydrogel, Extracel-XX, in recognition of the preference of epithelial like cells for stiffer substrata and a more stretched actin cytoskeleton.
Subcutaneous injection of A-549 cells suspended in Extracel-HP, Extracel-HP plus growth factors and a laminin peptide, Extracel-XX or PBS in nu/nu mice resulted in tumor growth at all sites of injection. The rank order of tumor growth rates was Extracel-HP plus growth factors and laminin ≈ Extracel-HP alone > Extracel-XX > buffer alone (55) . H&E staining and CD31 immunohistochemistry CD31 showed microvascular patterns typical of NSCLC. That the addition of growth factors and laminin did not significantly improve tumor growth and vascularization in the sECM was unexpected, and we speculated that this was due to the ability of the Extracel-HP to retain growth factors secreted by the A549 cells. In any case, the ability to use a simpler, less expensive model was viewed as highly desirable in going forward with testing the activity of BrP-LPA against lung cancer.
Recently, it has been found that LPA reduced the cellular abundance of the tumor suppressor p53 in A549 lung carcinoma cells, which express endogenous LPA receptors (58) . This led us to explore the BrP-LPA as a potential therapy agent in our engineered lung cancer treatment model (55) . We compared encapsulation of A-549 cells in Matrigel with encapsulation in the chemically-defined Extracel-HP. As illustrated in Figure 6 , tumors in both untreated control groups grew as large as 1000 mm 3 after 7 weeks, with a somewhat higher growth rate in Matrigel, a tumor-derived ECM rich in growth factors and other components which provide cancer cells with a naturally favorable mixture environment. After 2 weeks of tumor growth, the treatment groups in Matrigel or in Extracel-HP received intraperitoneal injections of the anti-stereoisomer of BrP-LPA (3 mg/kg), twice per week for 2 weeks. The dosage of BrP-LPA did not reduce the body weight significantly indicating that the dual activity agent was well tolerated (55) .
After completion of the 2-week treatment course, tumors in both BrP-LPA treatment groups were significantly smaller than the tumor tissue in the control group ( Figure 6)(55) . Moreover, the surface of the untreated tumor was significantly rougher, suggesting that BrP-LPA reduced the metastatic potential of the rapidly growing tumors. An endothelial layer covering tumor vasculature was observed using CD31 immunohistochemical staining and the quantification in six different fields of three slides for each treatment group showed highly significant reduction of angiogenesis (p < 0.05). Taken together, the sECM model demonstrated that Extracel-HP provides a useful new material for A549 xenografts, and that a dual activity LPAa/ ATXi such as BrP-LPA may contribute a new arrow to the quiver of anti-cancer agents for NSCLC (55).
Treatment of Engineered Hepatic Colon Tumor with Dual Function LPAa/ ATXi
Colon cancer is the third most common form of cancer and the second leading cause of cancerrelated death in the western world (59) . Treatment of primary colon cancer with surgical resection, combined with chemotherapy or radiation therapy, can be curative for some patients. However, nearly half of patients will develop liver metastases during the course of their disease. As with many types of cancer, death from colon cancer is often a result of metastatic disease (60, 61) . Approximately 60% of patients with colorectal cancer develop hepatic metastases (62, 63) , and few are acceptable candidates for surgical resection. For the vast majority of patients with colorectal cancer liver metastases, additional chemotherapy is often the only option (64) .
LPA signaling is important in colon cancer: signaling through both LPA 2 , and LPA 3 promotes the proliferation in HCT-116 cells via inactivation of GSK-3β and nuclear translocation of β-catenin (65) . LPA 2 is the major LPA receptor that mediates mitogenic signals and cytokine induction in colonic epithelial cells. In addition, LPA has been found to be over-expressed in the SW 480 and HCT-116 colon cancer cell lines (66) .
In order to evaluate the effects BrP-LPA on tumor growth of human colorectal cancer on the liver, HCT-116 colon cancer cells were encapsulated in Extracel, and the cell suspension was directly injected into the livers of eight nude mice (2, 3) . The full details of this study will be presented in due course (G. Yang, H. Zhang, and G. D. Prestwich, unpublished results). Herein we summarize the model and outcomes to illustrate the generality of the use of BrP-LPA for tumor regression in engineered tumor models. Based on the dosage required to achieve reduction of tumor size and vascularity by BrP-LPA (mixed diastereomers) in an orthotopic breast cancer model (4), we selected a two-week treatment course of 10 mg/kg, injected i.p. twice per week starting after one week of tumor growth.
All mice in both groups developed liver tumors. The HCT-116 cells encapsulated in Extracel grew rapidly and formed extensive tumor masses attached to the liver in the untreated group. In contrast, the tumor masses in the BrP-LPA treatment group were significantly smaller than those of the controls (14) . The BrP-LPA treated group showed a marked reduction of hepatic tumor burden (p < 0.05) and tumor volume (p < 0.05). The histopathological analysis revealed a distinct interface between hepatic colon cancer and mouse native liver.
Concluding remarks
Current cancer animal models have low rates of tumor growth and metastasis (67) . We have demonstrated herein engineered tumors in breast cancer, non-small cell lung cancer, and a simulated hepatic colon cancer metastasis models. Well isolated, readily measurable, and uniform-sized tumors are produced with the ability to monitor tumor growth in vivo. We found that the use of Extracel-HP for certain cell types greatly improved tumor growth and metastasis.
We further studied the anticancer and anti-angiogenesis efficacy of a dual LPAa/ATXi compound, BrP-LPA, using these cancer xenograft models. Orthotopic engineered tumors were established in the mammary fat pads of nude mice by injection of MDA-MB-231 breast cancer cells, in the livers using encapsulated HCT-116 colon cancer cells, and subcutaneously using A549 lung cancer cells in customized sECM (Table 1) . In each case, mice treated with BrP-LPA all showed significantly reduced tumor burdens, and LPAa/ATXi treatment was superior to Taxol treatment in reducing blood vessel density in tumor tissue. Moreover, the chemically-defined sECM offers a "tabula rasa" hydrogel, lacking the inherent mixture of growth factors present in Matrigel. Similarly, a cell-free sECM was used to validated as an angiogenesis plug assay; a proof-of-concept drug evaluation using this new model showed that Br-LPA has acceptable toxicity profiles (68, 69) and potentially enhanced anticancer activity. Structures of LPA and bromophosphonate analogs In vivo angiogenesis plug assay in Extracel-HP. Blood vessel density is significantly decreased when 15 mg/kg of either BrP-LPA or sunitinib maleate (Sutent) was added to the plug prior to s.c. injection (p < 0.05). Engineered NSCLC lung xenograft model. A-549 cells (50 × 10 6 cells/mL) were suspended in Matrigel (panel a) or in Extracel-HP (panel b) modified with a laminin peptide (L-4) and injected subcutaneously into the backs of nude mice (200 µL). The anti-diastereoisomer of BrP-LPA (3 mg/kg) was administered in four semi-weekly intraperitoneal injections beginning at week 3 to both groups of mice. For all time points at 3.5 weeks and continuingly through to 7 weeks, tumor volumes in all treated animals were significantly different from untreated controls (p < 0.05). 
